Introduction
============

Cholangiocarcinoma (CCA) is a malignant tumor that originates from the biliary system. It can be classified into two types: intrahepatic and extrahepatic CCA.[@b1-dddt-8-1451],[@b2-dddt-8-1451] Diagnosing CCA is very difficult, since the cause (or pathogenesis) of this biliary tract malignancy is not thoroughly understood.[@b2-dddt-8-1451]--[@b5-dddt-8-1451] More than 90% of all CCA cases are differentiated adenocarcinoma, which presents as a solid mass, and has the ability to infiltrate surrounding tissues. The disease grows intraductally, causing biliary obstruction.[@b6-dddt-8-1451] Diagnosing and surgically treating CCA is difficult. Thus, palliative therapies, such as endoscopic stent placement, chemotherapy, radiation therapy, and photodynamic therapy (PDT) are commonly used to treat CCA.[@b7-dddt-8-1451]--[@b12-dddt-8-1451]

PDT is noninvasive and shows some advantages, such as minimal side effects avoidable normal organ dysfunction, compared against other cancer treatment methods.[@b13-dddt-8-1451] Thus, PDT can be used in CCA patients to improve survival and quality of life.[@b14-dddt-8-1451] In PDT, three components are applied in sequence: oxygen, photosensitizer (PS), and suitable light. Among these, PS is the most significant for improving the therapeutic effect of PDT; this emphasizes the requirement for a suitable and powerful PS.[@b15-dddt-8-1451]--[@b17-dddt-8-1451] Chlorin e6 (Ce6), a second generation PS, is an asymmetric molecule with three ionizable carboxylic groups. Ce6 has lipophilic characteristics and exists in different ionic forms, dependent on pH.[@b18-dddt-8-1451]--[@b20-dddt-8-1451] Ce6 has a shorter tumor accumulation time, more rapid clearance, and higher singlet oxygen generation efficiency, compared against first generation PS.[@b20-dddt-8-1451]--[@b22-dddt-8-1451] Moreover, Ce6 is activated by near-infrared wavelengths (eg, 664 nm), enabling the molecule to reach deep tissue layers.[@b23-dddt-8-1451]

Under irradiation, light-activated PS can deliver light energy to the surrounding oxygen to form reactive oxygen species (ROS) such as superoxide, hydroxyl radical, singlet oxygen, and hydrogen peroxide. Intracellular ROS generation may induce cell death through apoptotic or necrotic signals.[@b15-dddt-8-1451],[@b16-dddt-8-1451] Protective mechanisms are activated in cells under oxidative stress. Intracellularly-generated ROS can be controlled by intracellular antioxidant molecules, such as glutathione (GSH) or heme oxygenase-1 (HO-1).[@b24-dddt-8-1451]--[@b27-dddt-8-1451] Intracellular GSH can act as an electron donor, to reduce intracellular free radicals through the action of glutathione peroxidase (GPx). As a result, GSH is oxidized to glutathione disulfide (GSSG). GSSG is converted back to GSH by the enzyme glutathione reductase (GR), which uses nicotinamide adenine dinucleotide phosphate (NADPH) as an electron donor.[@b25-dddt-8-1451]--[@b29-dddt-8-1451] This mechanism is used by cells to maintain appropriate levels of intracellular GSH. HO-1, which is activated under various stress conditions, such as oxidative stress, is a powerful cytoprotective protein involved in cellular defensive mechanisms.[@b16-dddt-8-1451],[@b28-dddt-8-1451],[@b30-dddt-8-1451],[@b31-dddt-8-1451] Previous studies have reported that HO-1 expression is accelerated by ROS, which can be generated by PDT.[@b32-dddt-8-1451],[@b33-dddt-8-1451]

In this study, we investigated the effect of Ce6-PDT on CCA cells. The abilities of protective mechanisms that could cause phototoxicity were investigated with two types of CCA cells: intrahepatic (HuCC-T1) and extrahepatic (SNU1196) cells.

Material and methods
====================

Materials
---------

Ce6 was obtained from Frontier Scientific Inc. (Logan, UT, USA). 2′,7′-dichlorofluorescein diacetate (DCFH-DA), MTT, propidium iodide (PI), mercaptosuccinic acid (MS), and GSH were purchased from Sigma-Aldrich Co. (St Louis, MO, USA). Fluorescein isothiocyanate (FITC)-Annexin V was obtained from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA). Cell culture materials were purchased from Thermo Fisher Scientific (Waltham, MA, USA). The total GSH detection kit, GPx activity kit, and GR activity kit were obtained from Enzo Life Sciences (Farmingdale, NY, USA).

Cell culture
------------

Human intrahepatic and extrahepatic CCA cells lines, HuCC-T1 and SNU1196, were used in this study. HuCC-T1 and SNU1196 cells were purchased from the Health Science Research Resources Bank (Osaka, Japan) and the Korean Cell Line Bank (Seoul, Korea), respectively. Cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium (Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (FBS) (Thermo Fisher Scientific) and 1% antibiotics, at 37°C, in a humidified atmosphere of 5% CO~2~. Human normal skin fibroblast cells (CDD-986Sk) (Korean Cell Line Bank) were cultured in Iscove's Modified Dulbecco's Medium (IMEM; Thermo Fisher Scientific) containing 10% FBS and 1% antibiotics. Cells were subcultured twice per week.

Cytotoxicity of Ce6
-------------------

CDD-986Sk cells were seeded into 96-well plates. For starvation, the cells were incubated in IMEM medium containing 0.1% FBS for 24 hours. After removing the medium, the cells were washed with phosphate buffered saline (PBS). Next, 100 μL of fresh serum-free IMEM medium containing various concentrations of Ce6 was added to each well. The cells were then incubated in the dark at 37°C for 120 minutes. Finally, the cells were washed twice with PBS and cytotoxicity was measured using the MTT assay.

Dark toxicity of Ce6
--------------------

CCA cells were seeded into a 96-well plate and treated with various concentrations of Ce6 (1--15 μM) in serum-free medium for 90 minutes. After removing the medium, the cells were washed twice with PBS. To each well, 100 μL of the growth medium containing 10% FBS was added, and the cells were incubated for an additional 24 hours. Cell viability was measured using the MTT assay.

Intracellular uptake of Ce6
---------------------------

The assay was performed as described in our previous study.[@b34-dddt-8-1451] Briefly, the seeded cells were treated with various concentrations (0--15 μM) of Ce6. The cells were washed and solubilized, and then Ce6 fluorescence was measured.

Confocal microscopy
-------------------

Intracellular Ce6 was observed using confocal laser scanning microscopy (CLSM) (TCS SP2; Leica Microsystems, Wetzlar, Germany). The microscope was equipped with a 590 nm excitation filter and a 615 nm filter to detect Ce6 fluorescence. Approximately 2×10^5^ cells were seeded onto a cover glass in a 6-well plate. The cells were then treated with 10 μM Ce6 for 90 minutes in serum-free medium, after which, the medium was discarded and the cells were washed with PBS. The cells on the cover glass were observed using CLSM.

PDT
---

CCA cells were seeded into a 96-well plate and cultured for 24 hours. The cells were then washed twice with PBS, and 100 μL of serum-free medium, containing various concentrations of Ce6, was added to each well, followed by incubation for 90 minutes. The medium was removed and the cells were washed twice with PBS. Next, 100 μL of fresh RPMI medium containing 10% FBS was added, and the cells were exposed to an expanded homogeneous beam of 664 nm radiation (SH Systems, Gwangju, Korea) at a light dose of 0.0--2.0 J/cm^2^, and the signal was measured using a photo-radiometer (Delta Ohm, Padova, Italy). After irradiation, the cells were incubated for an additional 24 hours. Cell viability was determined using the MTT assay.

MTT assay
---------

The MTT assay is based on the principle that live cells are able to cleave a tetrazolium ring to a molecule that absorbs at 570 nm in active mitochondria.[@b35-dddt-8-1451] The assay was performed as described in our previous study.[@b34-dddt-8-1451]

Flow cytometry analysis
-----------------------

To evaluate apoptotic and necrotic cells, FITC-Annexin V and PI were used, respectively. Following PDT, the uptake of these two reagents was assessed using a FACScan™ flow cytometer (BD Biosciences, San Jose, CA, USA). CCA cells were treated with various concentrations of Ce6 (0.0, 1.0, and 10.0 μM) and then exposed to a light dose of 0.5--2.0 J/cm^2^. Cells were harvested by trypsinization and washed with PBS. The cells were resuspended in binding buffer (10 mM 4-\[2-hydroxyethyl\]-1-piperazineethanesulfonic acid \[pH 7.4\], 150 mM NaCl, 5 mM KCl, 1 mM MgCl~2~, 1.8 mM CaCl~2~), containing FITC-Annexin V (1 μg/mL) and PI (10 μg/mL), then further incubated for 15 minutes at room temperature (25°C) in the dark. The cells were analyzed immediately, using flow cytometry.

ROS assay
---------

The DCFH-DA method was used for detection of ROS.[@b36-dddt-8-1451] The assay was performed as described in our previous study.[@b34-dddt-8-1451] Briefly, the cells were treated with various concentrations of Ce6 (0--15 μM) with DCFH-DA, at a final concentration of 20 μM, in phenol red-free RPMI medium, and incubated at 37°C for 90 minutes. Then, the cells were washed with PBS, and 100 μL of phenol red-free RPMI medium was added to each well. After irradiation, ROS generation was measured by using an Infinite^®^ M200 PRO microplate reader (Tecan Group AG, Männedorf, Switzerland) (excitation wavelength: 485 nm; emission wavelength: 535 nm).

Measurement of total GSH and enzymatic activity
-----------------------------------------------

The Glutathione (total) detection kit (Enzo) was used to measure total intracellular GSH in CCA cells. The two CCA cell lines were incubated with 0--10 μM Ce6 for 90 minutes. Total GSH content was measured according to the manufacturer's instructions, after the cells were irradiated under 0.0--1.0 J/cm^2^ light. The Glutathione peroxidase activity kit (Enzo) was used to measure changes in enzymatic activity, according to the manufacturer's instructions.

Inhibition of GPx and external addition of GSH
----------------------------------------------

HuCC-T1 or SNU1196 cells were seeded in a 96-well plate and cultured for 24 hours. After washing twice with PBS, the cells were used in this study. First, 100 μL of serum-free medium containing 5 μM Ce6 and 1.25 mM GSH were added to HuCC-T1 cells for 90 minutes. For SNU1196 cells, 5 μM of Ce6 was added to the cells for 60 minutes, and then the cells were further incubated for 30 minutes with MS, a GPx inhibitor. Following incubation, the medium was discarded and the two types of CCA cells were washed twice with PBS. Intracellular GSH content, ROS generation, and phototoxicity were measured in the two CCA cell preparations described above. To measure ROS generation, 1.0 J/cm^2^ light power was used. In addition, basal GPx activity in SNU1196 cells was measured according to the manufacturer's instructions, after the cells were incubated with 0.0 or 10.0 mM MS for 30 minutes.

Western blotting
----------------

For Western blot analysis, HuCC-T1 and SNU1196 cells were seeded in 100-well dishes and incubated for 18 hours. Cells were treated with different concentrations of Ce6 for 90 minutes, and then irradiated with 1.0 J/cm^2^ light power. Cells that had not been irradiated were also evaluated. After incubation of PDT in serum-free medium for 1 hour, or after seeding cells into 100-well dishes, the basal protein level was measured.

To obtain protein, the cells were washed with PBS and denatured in cell lysis buffer (GenDEPOT, Barker, TX, USA). The supernatant was collected and the protein concentration was determined using a BCA protein assay kit (Thermo Fischer Scientific). Fifty micrograms of protein was resolved using 4%--15% precast sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel (Bio-Rad Laboratories Inc., Hercules, CA, USA) electrophoresis, followed by electroblotting (280 mA for 2 hours) on a polyvinylidene difluoride membrane (GE Healthcare UK Ltd, Little Chalfont, UK). Blots were blocked with 5% nonfat dry milk and probed with monoclonal anti-HO-1, gamma-glutamylcysteine synthetase (GCS), γ-GCSm, GPx-1/2, GR, and β-actin antibodies (1:1000 sc-136960, sc-166356, sc-22754, sc-133160, sc-133159, and sc-47778) (Santa Cruz Biotechnology Inc.). Membranes were then incubated with a secondary anti-mouse or anti-rabbit antibody (1:5000) (Sigma-Aldrich Co.), followed by chemiluminescence-based detection (GE Healthcare UK Ltd).

Statistical data analysis
-------------------------

The results are expressed as the means of at least three parallel experiments ± standard error of the mean (SEM). Statistical analysis was performed using the Student's *t*-test with *P*\<0.05 as the minimal level of significance.

Results
=======

Cytotoxicity and dark toxicity of Ce6
-------------------------------------

The cytotoxicity and dark toxicity of Ce6 were tested against CCD-986Sk and CCA cells, respectively. As shown in [Figure 1A and B](#f1-dddt-8-1451){ref-type="fig"}, no cytotoxicity or dark toxicity was observed in the presence of less than 15 μM Ce6. These results indicate that Ce6, at concentrations between 0.0--15.0 μM, has no effect on cell survival.

Cellular uptake and intracellular fluorescence of Ce6
-----------------------------------------------------

Ce6 uptake in CCA cells was investigated. As shown in [Figure 1C and D](#f1-dddt-8-1451){ref-type="fig"}, intracellular Ce6 levels increased, dependent on dose and incubation time, regardless of CCA cell type. Additionally, no difference in the ability to absorb Ce6 was observed between the cell types; a similar amount of Ce6 was observed in both HuCC-T1 and SNU1196 cells for each PS dose or incubation time. Furthermore, the intracellular Ce6 level was saturated at a 10 μM Ce6 concentration, or 90 minutes incubation time. Thus, we used 10 μM, or 90 minutes, for further studies involving Ce6 concentration, or incubation time.

[Figure 1E](#f1-dddt-8-1451){ref-type="fig"} shows the strong fluorescence intensity of Ce6 in CCA cells. Based on confocal microscopy results, the red fluorescence of Ce6 indicated widespread intracellular distribution of Ce6.

Phototoxicity induced by Ce6-PDT
--------------------------------

[Figure 2A and B](#f2-dddt-8-1451){ref-type="fig"} show cell survival after irradiation with different light intensities (0.0--2.0 J/cm^2^) after 90 minutes of incubation in the presence of 0--15 μM Ce6. Cell survival decreased with increased light dose or Ce6 concentration in both CCA cell types. As light dose increased from 0.5 to 2.0 J/cm^2^, the half maximal inhibitory concentration (IC~50~) value decreased from 6.2 μM to 2.8 μM and from 26.2 μM to 7.1 μM, in HuCC-T1 and SNU1196 cells, respectively ([Table 1](#t1-dddt-8-1451){ref-type="table"}). Under the same PDT conditions, PS concentration, or light dose, HuCC-T1 cells were more sensitive to Ce6-PDT, compared against SNU1196 cells, although intracellular Ce6 levels between CCA cells showed no significant difference ([Figure 1C and D](#f1-dddt-8-1451){ref-type="fig"}).

[Figure 2C through F](#f2-dddt-8-1451){ref-type="fig"} show the apoptotic or necrotic cell populations after Ce6-PDT. A single treatment of drug or light could not induce cell death, but apoptotic or necrotic cell populations increased when the drug and light were simultaneously used to treat cells ([Figure 2C and D](#f2-dddt-8-1451){ref-type="fig"}). Apoptotic and necrotic cells increased by approximately 15.3 and 25.7 times, and 2.3 and 6.8 times, compared against the control group, for HuCC-T1 or SNU1196 cells, respectively. In particular, the numbers of both apoptotic and necrotic cells were significantly increased in HuCC-T1 cells, following treatment with 10 μM Ce6 and 1.0 J/cm^2^ light, whereas the necrotic population of SNU1196 cells was remarkably increased. Additionally, nearly three times more apoptotic and two times more necrotic HuCC-T1 cells were observed, compared against SNU1196 cells ([Figure 2C and D](#f2-dddt-8-1451){ref-type="fig"}). Furthermore, apoptotic and necrotic cell populations were significantly affected by light intensity or Ce6 concentration ([Figure 2E and F](#f2-dddt-8-1451){ref-type="fig"}). As described above, a relatively lower apoptotic or necrotic signal was observed for SNU1196 cells, compared against HuCC-T1 cells, under the same PDT conditions. Cell death signaling results were correlated with photodamage results. Relatively higher cell death signal and photodamage was observed in HuCC-T1 cells, although a similar level of intracellular Ce6 was observed for the two types of CCA cells.

ROS generation induced by Ce6-PDT
---------------------------------

Intracellular ROS generation after Ce6-PDT treatment was observed in both CCA cell types. ROS generation in CCA cells increased up to 220% with increasing Ce6 concentrations ([Figure 3](#f3-dddt-8-1451){ref-type="fig"}). Although a slightly higher amount of ROS was observed in SNU1196 cells than in HuCC-T1 cells, it did not significantly differ between the two cell types.

GSH level and enzyme activity in CCA cells
------------------------------------------

[Figure 4](#f4-dddt-8-1451){ref-type="fig"} shows intracellular GSH levels in CCA cells. GSH may act as a scavenger to balance intracellular ROS levels. A basal GSH level nearly 1.4 times greater was observed in SNU1196 cells than in HuCC-T1 cells when Ce6 or light was not used to treat the cells ([Figure 4A](#f4-dddt-8-1451){ref-type="fig"}). After the cells were treated with 5.0 or 10.0 μM Ce6, intracellular GSH was markedly increased in both cell types, particularly in SNU1196 cells. Subsequently, the total GSH level after irradiation decreased dramatically in both CCA cell types with increased drug concentrations or light power. In particular, a more rapid total GSH decreasing slope was observed in SNU1196 cells when light power was increased from 0.0 to 1.0 J/cm^2^, with 10 μM Ce6 ([Figure 4A](#f4-dddt-8-1451){ref-type="fig"}).

GCS, which consists of a catalytic subunit (γ-GCSc) and a modifier subunit (γ-GCSm), is the rate-limiting enzyme for GSH synthesis.[@b37-dddt-8-1451] Therefore, the levels of γ-GCSc and γ-GCSm in the two CCA cell lines were measured. As shown in [Figure 4B](#f4-dddt-8-1451){ref-type="fig"}, very strong expression of γ-GCSc was shown in SNU1196 cells. Interestingly, the opposite situation was observed in the expression of γ-GCSm, even though the difference in expression is not significant. In addition, relatively higher expression of GPx-1/2 and GR were observed in SNU1196 cells. These key enzyme expression results could be correlated with intracellular basal GSH level data ([Figure 4A](#f4-dddt-8-1451){ref-type="fig"}). Furthermore, not only higher expression but also strong enzyme activity was shown in SNU1196 cells compared to HuCC-T1 cells ([Figure 4C and D](#f4-dddt-8-1451){ref-type="fig"}). Approximately 2.5 and 3.5 times greater basal activity of GPx and GR, respectively, was observed in SNU1196 cells, compared against HuCC-T1 cells.

Effect of exogenous GSH or GPx inhibitor on Ce6-PDT in CCA cells
----------------------------------------------------------------

To clarify the effect of GSH in Ce6-based PDT, exogenous GSH, or MS, was added to HuCC-T1, or SNU1196 cells, respectively.

Exogenous GSH and 5 μM Ce6 were simultaneously administered to HuCC-T1 cells. As shown in [Figure 5A](#f5-dddt-8-1451){ref-type="fig"}, the intracellular GSH level in HuCC-T1 cells increased following a single treatment of Ce6 or GSH, without irradiation. And the highest intracellular GSH level was observed when Ce6 and GSH were coadministered to the cells in dark conditions. After irradiation with 1.0 J/cm^2^ light power, intracellular GSH levels were immediately measured in HuCC-T1 cells that had been treated (or not treated) with Ce6 or exogenous GSH. Intracellular GSH levels did not decrease after irradiation in the absence of Ce6, and intracellular GSH levels were influenced only by irradiation. Interestingly, the highest intracellular GSH consumption tendency was observed in the group treated with additional GSH and Ce6-PDT. Along with measurement of intracellular GSH levels, relative ROS generation and cell death after irradiation were investigated. As shown in [Figure 5B](#f5-dddt-8-1451){ref-type="fig"}, exogenous GSH could positively affect ROS generation and cell survival in Ce6-PDT. Because of the high intracellular GSH level, relatively lower ROS generation and cell death were observed in Ce6-PDT with additional GSH than in Ce6-PDT alone. GSH itself slightly increased ROS levels, which agrees with the results of intracellular GSH level measurements. However, GSH alone did not affect cell survival.

MS was used in this study to inhibit GSH oxidization in SNU1196 cells. As shown in [Figure 6A](#f6-dddt-8-1451){ref-type="fig"}, 10 mM MS effectively decreased GPx activity in SNU1196 cells. Actually, GPx activity changed in a dose-dependent manner for MS (data not shown). To identify the effect of GPx activity on the effectiveness of Ce6-PDT, SNU1196 cells were treated with 5 μM of Ce6 for 60 minutes and further incubated for 30 minutes with MS. Total intracellular GSH level, ROS generation, and cell survival were investigated after irradiation with 1.0 J/cm^2^ (or no irradiation). As described above, intracellular GSH level was affected by additional compounds, such as Ce6 or MS, in the absence of light ([Figure 6B](#f6-dddt-8-1451){ref-type="fig"}). After irradiation, intracellular GSH in SNU1196 cells was generally lower in the presence of Ce6. Since GPx activity was inhibited, GSH consumption generally decreased, suppressing the ability of GSH to eliminate ROS ([Figure 6B](#f6-dddt-8-1451){ref-type="fig"}). Thus, higher ROS levels and increased cell death were observed in the MS-treated group with Ce6 ([Figure 6C](#f6-dddt-8-1451){ref-type="fig"}). In the MS-treated group with Ce6, approximately 1.6 and five times greater ROS levels and cell phototoxicity were observed, respectively, than in Ce6-PDT.

HO-1 expression in Ce6-PDT
--------------------------

[Figure 7](#f7-dddt-8-1451){ref-type="fig"} shows HO-1 expression after Ce6 or 5-aminolevulinic acid (ALA)-PDT treatment in HuCC-T1 cells. HO-1 expression was not observed in HuCC-T1 cells after treatment with Ce6-PDT, although different concentrations of Ce6 were used. HO-1 expression was observed only in the positive control group, ALA-PDT.

Discussion
==========

In this study, the effectiveness of Ce6-PDT therapy for treating CCA cells was evaluated. Two CCA cell lines, intrahepatic and extrahepatic CCA HuCC-T1 and SNU1196 cells, respectively, were used as CCA cell models. We found that Ce6-PDT could kill CCA cells successfully, and that the degree of photodamage in tumor cells depended on their ability to defend against oxidative stress. Interestingly, even though a similar efficiency of Ce6 uptake and ROS generation was observed in the two CCA cell lines under the same PDT conditions ([Figures 1](#f1-dddt-8-1451){ref-type="fig"} and [3](#f3-dddt-8-1451){ref-type="fig"}), photodamage against CCA cells showed a significant difference ([Figure 2](#f2-dddt-8-1451){ref-type="fig"}). HuCC-T1 cells were more sensitive to Ce6-PDT. Additionally, higher apoptotic or necrotic signals after irradiation were observed in HuCC-T1 cells, leading to higher cell death and a lower IC~50~ value. From these results, we could assume that the difference in photodamage between the two CCA cell lines may be caused by differences in efficiency of the defensive mechanisms (antioxidant molecules) in protecting cells against oxidative stress induced by Ce6-PDT. Therefore, we evaluated the basal level of GSH and the key enzyme activity involved in producing GSH in the two CCA cell lines.

GSH is the best-known antioxidant molecule controlling intracellular ROS levels to maintain redox homeostasis.[@b24-dddt-8-1451]--[@b29-dddt-8-1451] Furthermore, GPx and GR have major roles in removing ROS via interconversion of GSH to GSSG. ROS are scavenged by the enzyme GPx, which requires GSH as an electron donor. Oxidized GSSG is reduced back to GSH by the enzyme GR, which uses NADPH as an electron donor.[@b28-dddt-8-1451]

To examine this process in detail, intracellular GSH levels were measured in the two CCA cell lines. The basal GSH level in SNU1196 cells was higher than in HuCC-T1 cells ([Figure 4A](#f4-dddt-8-1451){ref-type="fig"}). The GSH level was markedly increased after cells were treated with Ce6 or light only ([Figure 4A](#f4-dddt-8-1451){ref-type="fig"}). It is well known that the intracellular GSH level is generally affected by the presence of various drugs.[@b28-dddt-8-1451] Furthermore, there are some reports that intracellular GSH synthesis could be elevated by light intensity in plant cells.[@b38-dddt-8-1451] At this point, we could assume that suitable light energy could produce some effects on the GSH synthetic mechanism, and that, as a result, the intracellular GSH level was increased in CCA cells. Further studies are needed to clarify this point. GSH levels differed significantly before and after irradiation. Differences in photodamage between HuCC-T1 and SNU1196 cells could be due to varying intracellular levels of GSH and its ability to reduce antioxidants, despite similar levels of intracellular ROS generation ([Figures 2](#f2-dddt-8-1451){ref-type="fig"} through [5](#f5-dddt-8-1451){ref-type="fig"}). Several previous studies have described the role of GSH in combating oxidative stress.[@b24-dddt-8-1451]--[@b29-dddt-8-1451] Kimani et al reported that GSH is very important in disulfonated aluminium phthalocyanine (AlPcS~2~)-based PDT; PDT was more effective at inhibition of GSH generation.[@b39-dddt-8-1451] Furthermore, not only higher GSH levels but also higher key enzyme activities of γ-GCSc, γ-GCSm, GPx, and GR were observed in SNU1196 cells.

To further evaluate this observation, the intracellular GSH level in the CCA cell lines was controlled by additional treatment with GSH or inhibition of GPx. As expected, following addition of exogenous GSH, HuCC-T1 cells showed an increased ability to defend against phototoxicity. Upon inhibition of GPx activity, SNU1196 cell survival was dramatically decreased after Ce6-PDT treatment, compared against groups without MS treatment. Similar results have been reported previously.[@b39-dddt-8-1451],[@b40-dddt-8-1451] Following the addition of GSH to cells, Shen et al showed increased GSH levels in mitochondria, which resulted in higher resistance of cells to oxidative stress.[@b41-dddt-8-1451] Additionally, they investigated the role of GPx and GR enzymes in the defense mechanism against ROS. Higher GPx and GR activity in the cells may cause decreased sensitivity to oxidative stress.[@b42-dddt-8-1451]--[@b45-dddt-8-1451]

When cells are under oxidative stress, protection mechanisms become activated. In addition to GSH, HO-1 is well known as an inducible stress protein, which confers cytoprotection against oxidative injury and cellular stress, both in vitro and in vivo.[@b16-dddt-8-1451],[@b28-dddt-8-1451],[@b30-dddt-8-1451],[@b31-dddt-8-1451] Previous studies have demonstrated the relationship between HO-1 expression and ALA-PDT. Frank et al showed that phototoxicity increases when HO-1 expression is suppressed.[@b46-dddt-8-1451] Similar results were obtained in our previous study.[@b47-dddt-8-1451] We evaluated the expression of HO-1 in HuCC-T1 cells at 4 hours after irradiation in cells that had been treated with 3 mM ALA for 4 hours. Cell death was significantly increased following inhibition of HO-1 by ALA-PDT. HO-1 expression was evaluated after various incubation times following treatment with Ce6-PDT. However, HO-1 expression was not observed in the two CCA cell lines ([Figure 7](#f7-dddt-8-1451){ref-type="fig"}). The activity of GSH-related enzymes and basal GSH level may affect Ce6-PDT efficiency, but HO-1 was not affected by Ce6-PDT. One possible explanation as to why HO-1 expression did not change in Ce6-PDT, is due to the nature of the PS. Actually, ALA itself cannot act as a PS. After ALA is converted to protoporphyrin IX (PpIX) in the heme biosynthetic pathway, the generated PpIX may act as a strong PS. Therefore, PpIX may localize primarily in the mitochondria. HO-1 expression is related to the heme biosynthetic pathway.[@b48-dddt-8-1451] Generally, intracellular Ce6 is located in the plasma membrane and in intracellular vesicles, and Ce6 may effectively kill tumor cells by acting within intracellular organelles.[@b18-dddt-8-1451] Furthermore, the most-generated ROS induced by Ce6-PDT is ^1^O~2~, which acts quickly and strongly.[@b20-dddt-8-1451] Therefore, GSH (which is known as a primary defensive molecule against oxidative stress and is located in whole cells) can act critically in Ce6-PDT. But HO-1 needs several hours to express, and no difference of HO-1 expression could be caused by cell shutdown after Ce6-PDT. Cellular antioxidant defensive mechanisms may depend on the location of generated ROS. However, this is not clear, and additional studies are needed to clarify this point.

In conclusion, PDT-induced cellular dysfunction coincides with the PS location. ROS generated by PDT have a short life and a limited range of action in biological systems.[@b49-dddt-8-1451]--[@b53-dddt-8-1451] Therefore, the increasing intracellular accumulation of Ce6 represents an improved therapeutic effect of PDT against tumor cells. But, in this study, we found that the degree of Ce6-based phototoxicity differed depending on the ability of the cell to defend against oxidative stress, and this preventive capability is an inherent property of each tumor cell. Therefore, although intracellular Ce6 uptake and ROS levels after irradiation were similar between the two CCA cell lines, cell death signaling and cell survival after PDT differed between the two CCA cell lines.

Conclusion
==========

We investigated the effect of Ce6-PDT on human CCA cells. The photokilling phenomenon was dependent on PS concentration, drug treatment time, and light dose, for both types of CCA cells. In particular, Ce6-PDT more potently induced HuCC-T1 cell death, due to downregulation of antioxidant levels and activity. The results of this study show that Ce6-PDT is a promising candidate for effectively treating CCA, and the effect of Ce6-PDT may be accelerated by controlling GSH levels in tumor cells.
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![Toxicities and intracellular accumulation of Ce6 in human CCA cells.\
**Notes:** (**A**) Human normal skin fibroblast cells (CCD-986Sk) were starved in the presence of 0.1% FBS for 24 hours, before treatment with 0--15 μM Ce6. Next, the cells were incubated with different amounts of Ce6 for 90 minutes. (**B**) Human CCA cells (HuCC-T1 and SNU1196) were incubated with 0--15 μM Ce6 in the dark. Cell survival was expressed as the percentage of the control (which included cells not exposed to Ce6) and was determined using the MTT assay. Mean values with SEM are presented (n=12). HuCC-T1 and SNU1196 cells were incubated with various concentrations of Ce6 for 90 minutes (**C**), or with 10 μM Ce6 for different time durations (**D**). Intracellular Ce6 was determined fluorometrically and reported per milligram of protein. Mean values with SEM are presented (n=8). (**E**) Confocal image of intracellular Ce6 in CCA cells. The cells were incubated with 10 μM Ce6 for 90 minutes. Magnification: 400×.\
**Abbreviations:** Ce6, chlorin e6; CCA, cholangiocarcinoma; FBS, fetal bovine serum; SEM, standard error of the mean; HuCC-T1, intrahepatic CCA cell line; SNU1196, extrahepatic CCA cell line.](dddt-8-1451Fig1){#f1-dddt-8-1451}

![Phototoxicity of Ce6-PDT against CCA cells.\
**Notes:** (**A** and **B**) HuCC-T1 and SNU1196 cells were incubated with 0--15 μM Ce6 for 90 minutes. After washing with PBS, fresh growth medium was added and the cells were irradiated with 0.0--2.0 J/cm^2^ light. Cell survival was measured using the MTT assay and expressed as a percentage of values in the control cells (no Ce6 and no light). Mean values with SEM are presented (n=12). (**C**--**F**) FACS analysis for detecting apoptosis and necrosis after Ce6-PDT in HuCC-T1 (**C** and **E**) and SNU1196 cells (**D** and **F**). After the cells were incubated with 1 μM Ce6 for 90 minutes, they were irradiated with 1.0 J/cm^2^ light (**C** and **D**). (**E** and **F**) Different amounts of Ce6 (0.0, 1.0, or 10.0 μM) were used to treat CCA cells for 90 minutes, and then the cells were irradiated with various light intensities (0.0--2.0 J/cm^2^). After PDT, the cells were stained with FITC-Annexin V and propidium iodide (PI) prior to FACS analysis. Mean values with SEM are presented (n=4).\
**Abbreviations:** Ce6, chlorin e6; CCA, cholangiocarcinoma; PBS, phosphate buffered saline; SEM, standard error of the mean; PDT, photodynamic therapy; FITC, fluorescein isothiocyanate; HuCC-T1, intrahepatic CCA cell line; SNU1196, extrahepatic CCA cell line; FACS, fluorescence activated cell sorting.](dddt-8-1451Fig2){#f2-dddt-8-1451}

![Intracellular ROS generation after Ce6-PDT.\
**Notes:** After the CCA cells were incubated with 0--15 μM Ce6 for 90 minutes and irradiated at 1.0 J/cm^2^ light power, ROS production in the cells was immediately measured using fluorescence intensity.\
**Abbreviations:** ROS, reactive oxygen species; Ce6, chlorin e6; PDT, photodynamic therapy; CCA, cholangiocarcinoma; HuCC-T1, intrahepatic CCA cell line; SNU1196, extrahepatic CCA cell line.](dddt-8-1451Fig3){#f3-dddt-8-1451}

![Effect of GSH on Ce6-PDT in CCA cells.\
**Notes:** (**A**) Two CCA cells were incubated with 0--10 μM Ce6 for 90 minutes. Total GSH was measured after the cells were irradiated under 0.0--1.0 J/cm^2^ light. (**B**) Western blot analysis of GCSc, and γ-GCSm in CCA cells. A parallel gel was stained with Coomassie blue as a loading control (H shows HuCC-T1 cells; S shows SNU1196 cells). The basal activity of GPx (**C**) and GR (**D**) in CCA cells was measured using a detection kit. The mean values and SEM are presented (n=6). \**P*\<0.05; \*\*\**P*\<0.001.\
**Abbreviations:** GSH, glutathione; Ce6, chlorin e6; PDT, photodynamic therapy; CCA, cholangiocarcinoma; GPx, glutathione peroxidase; GR, glutathione reductase; SEM, standard error of the mean; GCSc, gamma-glutamylcysteine synthetase; GCSm, glutamate-cysteine ligase modifier subunit; HuCC-T1, intrahepatic CCA cell line; SNU1196, extrahepatic CCA cell line.](dddt-8-1451Fig4){#f4-dddt-8-1451}

![Effect of exogenous GSH on Ce6-PDT in HuCC-T1 cells.\
**Notes:** After HuCC-T1 cells were incubated with 5 μM Ce6 and 1.25 mM GSH for 90 minutes, the cells were irradiated with 0.0--1.9 J/cm^2^ light. (**A**) Intracellular total GSH contents were measured using a detection kit. (**B**) ROS generation and phototoxicity were measured based on fluorescence intensity and by using the MTT assay, respectively. Mean values and SEM are presented (n=6). \*\**P*\<0.01; \*\*\**P*\<0.001.\
**Abbreviations:** GSH, glutathione; Ce6, chlorin e6; PDT, photodynamic therapy; ROS, reactive oxygen species; SEM, standard error of the mean; HuCC-T1, intrahepatic CCA cell line; SNU1196, extrahepatic CCA cell line; +, treated; −, not treated.](dddt-8-1451Fig5){#f5-dddt-8-1451}

![Effect of GPx inhibitor on Ce6-PDT in SNU1196 cells.\
**Notes:** (**A**) SNU1196 cells were incubated with 0.0 mM or 10.0 mM MS for 30 minutes, and the GPx activity in the cells was measured. (**B** and **C**) Cells were incubated with 0.0 μM or 5.0 μM Ce6 for 60 minutes, and further incubated for 30 minutes following addition of 0.0 mM or 10.0 mM MS. After irradiation (1.0 J/cm^2^), the intracellular GSH level (**B**) was measured, and relative ROS or phototoxicity (**C**) was measured. Mean values with SEM are presented (n=6). \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001.\
**Abbreviations:** GPx, glutathione peroxidase; Ce6, chlorin e6; PDT, photodynamic therapy; MS, mercaptosuccinic acid; GSH, glutathione; ROS, reactive oxygen species; SEM, standard error of the mean; HuCC-T1, intrahepatic CCA cell line; SNU1196, extrahepatic CCA cell line; +, treated; −, not treated.](dddt-8-1451Fig6){#f6-dddt-8-1451}

![HO-1 expression induced by Ce6 or ALA-PDT.\
**Notes:** HuCC-T1 cells were treated with 0.0, 5.0, or 10.0 μM Ce6 for 90 minutes and irradiated with 1.0 J/cm^2^ light power. Next, the cells were incubated for 1 hour. After the cells were collected and washed with PBS, the pellets were lysed and HO-1 expression was detected using Western blot analysis. The protein amount was corrected for β-actin. P (positive control): HuCC-T1 cells treated with 3 mM ALA for 4 hours and irradiated with 0.75 J/cm^2^. After that, the cells were further incubated for 4 hours.\
**Abbreviations:** HO-1, heme oxygenase-1; Ce6, chlorin e6; ALA, aminolevulinic acid; PDT, photodynamic therapy; PBS, phosphate buffered saline; HuCC-T1, intrahepatic CCA cell line; SNU1196, extrahepatic CCA cell line.](dddt-8-1451Fig7){#f7-dddt-8-1451}

###### 

IC~50~ value of Ce6-PDT treated CCA cells

  Light intensity (J/cm^2^)   IC~50~ value (μM)   
  --------------------------- ------------------- -------
  0.5                         6.21                26.25
  1.0                         4.34                15.23
  1.5                         3.40                9.49
  2.0                         2.87                7.15

**Abbreviations:** IC~50~, half maximal inhibitory concentration; Ce6-PDT, chlorin e6-based photodynamic therapy; CCA, cholangiocarcinoma; HuCC-T1, intrahepatic CCA cell line; SNU1196, extrahepatic CCA cell line.

[^1]: \*Both authors contributed equally to this work
